Introduction
Active ingredients in nanoparticulate form can have advantageous properties; for example, nanoparticulate drugs can show higher bioavailability [1] and catalysts higher activity [2] . Nanoparticulates are not readily attainable through conventional crystallization routes and a subsequent comminution stage is often necessary, which may disadvantageously alter the physicochemical properties of the product. In principle, supercritical processes are more attractive because they can deliver a narrow particle size distribution [3, 4] , consist of only one process step, do not require liquid solvents and can be undertaken at moderate temperatures. A further advantage is that they offer control over solid state properties, producing either amorphous or crystalline material and sometimes polymorphs which are not obtainable by other means [5, 6] .
The supercritical particle formation process used here is rapid expansion of supercritical solutions (RESS), in which the solution is expanded through a constriction, resulting in a very rapid pressure decrease, high supersaturation and rapid precipitation of fine particles. There are numerous reports describing the production of nanoparticles via this method [7] [8] [9] [10] [11] [12] . However, since even van der Waals' forces between particles of 1 m far exceed the weight of the individual particles [13] , such powders are very cohesive and cannot easily be processed without extensive further treatment. Additionally, nucleation in the expanding RESS jet occurs very close to the origin of the jet [14] and it is therefore difficult to prevent agglomeration from occurring before any stabilization treatment can be applied; indeed, evidence from other workers [15] suggests that the RESS product is usually in aggregated form. It would be advantageous, therefore, to capture and preserve the active particles close to their origin, for subsequent processing or re-dispersion. Fluidized beds are widely used in the chemical process and pharmaceutical industries as reactors, mixers, dryers, agglomerators and coaters [16] . Fluidization occurs when an upward flow of fluid passing through a bed of particles becomes sufficient to support them against gravity. The pressure drop across the bed then equals the bed weight and the particles are free to move. At this point (the point of incipient or minimum fluidization) the bed is said to be fluidized. With good design, mixing in fluidized beds is very rapid, the bed is nearly isothermal and high rates of heat and mass transfer can be attained. The applications of fluidized beds that are of relevance here are (1) coating, e.g. of pharmaceutical products, particularly pellets and tablets [17] and (2) filtration, where fine (0.5-10 m) particles can be captured on larger fluidized carrier particles e.g. to remove environmentally-damaging and health-threatening particles from dirty gas streams passed upwards through a fluidized bed [18] . By injecting a RESS jet directly into a fluidized bed of carrier excipient particles, these two concepts can be combined to allow nanoparticulate coating of active material onto excipient particles. The immediate collection of nanoparticles from a RESS process, close to their point of origin, would prevent their further growth and agglomeration, so forming a product which captures and retains the efficacy and special features of the nanometer size in an easily handleable form. The capture of particles in this way also provides a means of alleviating concerns relating to the inappropriate escape of very small particles into the environment. In contrast to conventional fluidized bed coating, this strategy also avoids the use of liquids.
There have been previously reported attempts at using supercritical fluids to coat particles, but, to the authors' knowledge, none using the approach outlined above. Kim et al. [19] and Mishima et al. [20] used RESS to encapsulate active substances in polymer particles by dissolving both components in supercritical-CO 2 and co-precipitating the mixture. Bertucco and Vaccaro [21] used anti-solvent methods for encapsulation from a suspension of particles in conventional solvents, while composite particles have also been produced by the supercritical anti-solvent technique [22, 23] . Wang et al. [24] used the RESS technique to precipitate PVC covinyl acetate and hydroxypropyl cellulose onto 315 and 500 m glass spheres placed in a collector vessel held at a pressure and temperature intermediate between supercritical and ambient. They also added acetone to the CO 2 in order to enhance solubility of the polymer. The coating quality varied from smooth, when the polymer contacted the glass surface in a liquid state, to particulate, when precipitation occurred prior to contact. Tsutsumi et al. [25] and Wang et al. [26] expanded a RESS jet through a nozzle into a bed fluidized with air, and deposited a smooth paraffin coating onto 56 m catalyst particles and 1 m SiO 2 , respectively. Schreiber et al. [27, 28] coated various particles with paraffins by expanding supercritical solutions into a bed at high pressure fluidized with carbon dioxide. Krober and Teipel [29] coated glass beads with stearyl alcohol in a similar manner.
The work reported here is distinct from previous studies in that it is aimed exclusively at production of nanoparticles and their capture onto larger carriers which are freely fluidizable and suitable for subsequent handling.
Materials and methods

Materials
All materials were used as purchased without further purification: liquid carbon dioxide (≥99.8%) [ 
Equipment
A schematic representation of the RESS equipment is given in Fig. 1 . Further details of the equipment are described in Section 2.3. Two different RESS-fluidized bed combinations were explored, one of a conical-cylindrical Wurster-type geometry (RESS-WTS) and one based on a cylindrical geometry operating as a bubbling fluidized bed (RESS-BFB) (Fig. 1 ).
In the Wurster configuration, the coating solution or suspension is normally injected upwards into the bed at the base by means of a two-fluid nozzle and the central jet breaks through the surface of the bed. The fluidizing gas also enters through the distributor at the base -which is usually some form of perforated or otherwise porous plate -and the excess gas at the centre of the bed ensures that particle circulation is up in the centre in the "spout" region and down near the walls. It is common to insert a cylindrical "draft tube", as shown in Fig. 1 , to encourage this circulation and to ensure that particles enter the spout near the base and so pass through the coating region. It is also common for the bed walls to be conical or conical/cylindrical in shape, again to enhance circulation. Further details of the Wurster system are given by Palmer et al. [30] . In the bubbling fluidized bed, the coating fluid mixture is also injected through the base but the jet is completely submerged and the particle circulation is less strong.
The RESS process
Liquid CO 2 was withdrawn from a gas cylinder and pre-cooled in a cold bath (Grant UK W14 + C1G) to around 0 • C to prevent cavitation in the air driven liquid pump (Haskel MS-71, Haskel, USA) that was used to compress the CO 2 to the desired working pressure of c. 100 bar. The pressure was maintained to an accuracy of ±0.5 bar using a back pressure regulator, BPR (Tescom26-1762-24, Tescom Europe, Germany). Compressed CO 2 was brought to the desired temperature (40 • C) by heating in a heat exchanger, HE (Tecam bath + Grant ZA serial heater, UK). The flow of CO 2 was measured using a high pressure fluid mass flow metre, MF (coriolis type; RHE08, Rheonik, Germany) and entered the half litre high pressure vessel, PV (Baskerville BS5500 CAT1, UK). The vessel was 180 mm in depth, 60 mm in diameter and equipped with a hot water jacket to maintain the desired temperature. In the vessel, CO 2 was contacted with the pre-charged active compound causing it to dissolve into the CO 2 stream. The active compound was placed in a tubular glass sample holder which was sealed at the base with a 15 m pore glass sinter to ensure that no solid particles were entrained in the CO 2 stream. 10-30 g active powder, more than three times the consumption of one typical test, was charged into the sample holder to form a 30-40 mm fixed bed. The loaded sample holder was located in the vessel in a position that covered the exit port to force the CO 2 stream to pass through the bed before it left the vessel and entered the nozzle. Upon leaving the vessel, the CO 2 stream was nearly saturated with the active compound. The concentration of the CO 2 solution was monitored in-line using a high pressure UV detector (UV-2075 plus, Jasco, Japan), which was calibrated against standard solutions. From this point, the CO 2 solution was introduced (as described below) either into the RESS-BFB or into the RESS-WTS, in order to coat the actives onto the MCC excipient particles fluidized within them.
Coating with the RESS-WTS
Compressed air that had been heated to 35 • C with an in-line heater (CAST X 500, Watson Marlow, UK) was introduced to the bottom of the fluidization apparatus that had been charged with 30 g of MCC particles. The air flow rate was just above that required for incipient fluidization (U mf ) which was obtained by a test using only MCC particles and hot air in the Wurster coater. Valve V1 was opened to let pure CO 2 join the air to fluidize the MCC. After fluidization had been initiated, valve V1 was closed and V2 was opened simultaneously to allow introduction of the solute-laden CO 2 solution (produced in Section 2.3) into the RESS-WTS apparatus. The solution was jetted upward in the same direction as the air flow via a 102 m diameter sapphire nozzle into the bed of excipient. The nozzle was located in the centre of the air distributor at the bottom of the Wurster coater where the solution sprayed into the bed as in a standard Wurster coater. The CO 2 mass flow rate depends on its pre-nozzle pressure and temperature, nozzle size and nozzle conditions. The nozzle diameter was kept constant at 102 m. Under some conditions, solid precipitated in and around the nozzle caused partial blocking. The CO 2 flow rate measured in this work ranged from 12 to 311 g/min. Particles of the active precipitated from the RESS jet were brought into contact with the fluidized MCC carrier particles, where they formed a coat. Simultaneously, CO 2 pressure dropped to ambient and the CO 2 changed from supercritical states to gas and mixed with the air to fluidize the MCC particles. After a designated coating time, from 5 to 118 min, the CO 2 + active solution pipeline was purged with pure CO 2 , while the particles remained fluidized for 5-10 min; their surfaces were unaffected during this time, as indicated by SEM images (not included here). The coated MCC particles were collected and kept in air-tight sample bottles for further characterization and analysis (see Section 2.6).
Coating with the RESS-BFB
This coating method is similar to the RESS-WTS but utilizes a fluidized MCC bed in a cylindrical container operating as a bubbling fluidized bed. It uses no air but only RESS CO 2 to fluidize the bed. A nozzle heater (nozzle 1) and temperature controller were installed and heated to approximately 60 • C to minimize dry ice formation and nozzle blockage. Prior to passing CO 2 through the cylindrical fluidized bed, 40-60 g of MCC particles were added to give respective bed heights of either 70 or 110 mm that were 25 mm in diameter. Valve V1 was opened to fluidize the MCC using pure CO 2 . The coating was then started by opening valve V2 and closing V1 simultaneously, so as to switch the flow from CO 2 to the solute-laden CO 2 solution. In a similar manner to the RESS-WTS, the solution carried the active through the nozzle, forming a high speed jet into the MCC fluidized bed. The particles of active precipitated from the solution and were collected on the surface of the MCC. After a designated coating time (10 min), the flow of the CO 2 solution reverted to pure CO 2 to purge the pipeline for a further 10 min. The coated MCC particles were stored in the same way as described above in 2.4 for further characterization and analysis.
In both RESS-WTS and RESS-BFB coating procedures the distance between the nozzle and MCC particles in the bed was kept to a minimum, i.e. the fluidized bed was in direct contact with the surface of the gas distributor plate, into which the nozzle was inserted, so that its tip was slightly countersunk (∼15 mm) into the plate. The intention here is to capture the active particles close to their point of origin, so restricting subsequent particle growth and aggregation before capture and maintaining them in their nucleated nano-size.
In conventional RESS processes, tuning of the pressure and temperature enables the particle size to be manipulated [7] [8] [9] [10] [11] [12] , although subsequent growth and aggregation make it difficult to maintain the desired size. In the process described here, the conditions within the fluidized bed can also be used to tune the particle size. In the near/supersonic free jet, the pressure, temperature and supersaturation change very rapidly along the expansion path, so that nucleation can occur within a distance of less than a millimetre from the nozzle tip or even within the nozzle itself [14] .
Material and surface analysis 2.6.1. Quantitative determination of loading
The extent of loading (mg active/g MCC) was measured by quantitatively dissolving the coated sample in an appropriate solvent, measuring the absorbance of the solution at a specific wavelength and comparing the response with a standard curve. The loadings of actives on MCC were then determined by back calculation.
SEM
SEM images were taken using a Philips XL30 ESEM-FEG electron microscope [Philips, Netherlands] fitted with an Oxford Inca 300 EDS system [Oxford Instruments, UK].
EDX
EDX scans were undertaken using a Philips XL30 ESEM-FEG electron microscope fitted with an Oxford Inca 300 EDS system. Ferrocene was the only compound that possesses an element (iron) that was different from the background elements of MCC: hydrogen, oxygen and carbon. EDX was therefore undertaken on ferrocene-coated MCC only. 
Confocal Raman spectroscopy
Confocal Raman images were obtained using an Alpha300 Confocal Raman Microscope (WITec, Germany). Firstly, the pure materials were scanned as standards to obtain the standard spectra and characteristic wavenumber peaks. The coated sample was then scanned and the wavenumbers of the standard characteristic peaks were chosen for the instrument to assemble the image. If the active was detected on the MCC, accordingly a region of bright colour would appear on the image. In addition, surface point analysis was also investigated. The point of selection would either be an uncoated region (i.e. MCC) or a coated region (i.e. the active). If the coating was thin then the scan obtained detected characteristic wavenumber peaks of both the active and MCC in the spectra.
Results and discussion
Evaluation of coating achieved using RESS-WTS
Colour-change of coated samples and determination of loading
The colour change of MCC before and after coating in the RESSWurster coater was used as a visual indication of the success of the process (Fig. 2) . Both the colour change of MCC when coated with coloured actives and the coating of white actives on coloured MCC were evaluated. Fig. 2a-c shows MCC coated with benzoic acid, ferrocene and vitamin K3, respectively. The colour change is obvious and uniform at this scale (colour available only to electronic Samples processed at CO2 conditions of 100 bar, 40
• C using 40 g MCC and 10 min coating time. Solubility data obtained from Ref. [31] . When there are no data available at 40
• C, an interpolation method was used to estimate the value. When there are a lack of data at 100 bar, the data for the nearest pressure was adopted.
readers of this paper). All samples were processed at the same CO 2 conditions of 100 bar 40 • C except that shown in Fig. 2a where a longer coating time was used (60 min).
Quantitative results are shown in Table 1 as the loading of active (mg) coated onto MCC (g). All tested actives could be coated onto MCC by the RESS-WTS process, clearly showing the potential of the approach. The loading varies from 0.12 to 384 mg/g at the same process conditions and coating time, which indicates that the efficiency of the coating process largely depends on the properties of the active and its solubility in CO 2 because all other parameters remained constant. It was also noted that the loading increased with coating time and also as the overall tendency of solubility increases. For example, when the coating time was increased from 10 to 60 min, the loading increased to 146 mg/g for benzoic acid. Table 1 also shows solute solubility in CO 2 at around 100 bar and 40 • C [31] for comparative purposes.
Surface analysis
The surfaces of the coated samples produced were analyzed using Confocal Raman spectroscopy and all the images show similar results, but to avoid repetition of data, the full results from one active compound (benzoic acid) are shown here to represent the general behaviour. In addition, to assist in comparison a set of SEM images at the same magnification is shown in which all the active coatings are compared.
3.1.2.1. Confocal Raman spectroscopy. Fig. 3 shows the Confocal Raman spectra and images for benzoic acid coated on MCC processed at CO 2 conditions of 100 bar, 40 • C for 10 min. It consists of images of the scan area and spectrum curves. Both images show the same area but track different specific wavenumbers for either MCC or benzoic acid. If the specific wavenumbers are present on the MCC surface their intensity is displayed as an area of increasing brightness. Conversely, if the selected peak is not found this is reflected by an area of darkness in the image. In Fig. 3 the left-hand image tracks signature wavenumbers for benzoic acid, whereas the right-hand image tracks the signature wavenumbers for MCC.
The left-hand image shows the distribution of benzoic acid on the surface of MCC, with benzoic acid-rich areas showing as regions of brightness; as there are only two compounds in the sample being scanned, the dark area would therefore by deduction be the MCC. The image on the right-hand side is the same scan as the left-hand image but shows the regions of signature peak density for MCC. In this image the bright areas show the MCC and the dark areas represent the distribution of benzoic acid on the surface.
The red spectrogram beneath these images show the spectra at the points indicated by the crosses on the images above and the two standard curves of MCC (green) and benzoic acid (blue) for identification and comparison. A comparison of the red sample spectrum with the two standard spectra enables the composition Fig. 3 . Confocal Raman analysis of benzoic acid coated on MCC produced by the RESS-WTS. Fig. 4 . Scanning electron micrographs of particle surfaces after RESS-WTS coating. The control is MCC alone that has been subjected to the process in the absence of any active (i.e. pure CO2).
of the surface to be determined. It is clear that the red spectrum almost overlaps the blue benzoic acid standard curve. This provides evidence that benzoic acid was coated on the MCC and was aggregated locally as shown on the confocal image.
It is apparent from the images that the MCC surface is not atomically smooth and this translates to the observed covering of the benzoic acid surface coating, which was preferentially retained in the surface troughs; this is in agreement with the results obtained from SEM analysis. This is also confirmed by scanning a point on the surface where the coating was thinner which gave a spectrum showing evidence of both active and MCC (not shown). Ferrocene, phenanthrene and vitamin K3 on MCC showed similar confocal Raman results, with the distribution of these respective actives on the MCC clearly seen.
In contrast, two actives, adamantane and stearic acid, showed no evidence of coating using confocal Raman analysis. The loading of adamantane on MCC was found to be the lowest in this work at only 0.12 mg/g. The confocal Raman spectroscopy results were therefore inconclusive due to the low loading, though the mass balance and SEM (see below) corroborate that active was present on the MCC surface. Stearic acid has very similar standard feature peaks at wavenumbers very close to those of the MCC standard, and this therefore made it difficult to distinguish stearic acid from the MCC by confocal Raman spectroscopy. Several attempts were made but drew inconclusive results.
SEM analysis.
The SEM images of coated and control MCC (for comparison) are shown in Fig. 4 In all images the scale bar is 200 nm. The images imply that for all the actives studied the coating on the MCC particles were in the nanosize range. There is evidence on the images that the visible feature size is much below the 200 nm scale bar. In some instances particularly Images 4b and 4d, the coating appeared as a continuous thin layer closely following the undulations of the MCC surface. Although the particle size is below the resolution of the instrument, it is easy to distinguish between the coated and un-coated MCC surfaces. The main observation is that the characteristically rough MCC surface becomes smoother after being coated; imperfections and cracks on the surface are filled. It should be noted that TEM analysis was not possible due to curvature of the surface and desorption of the active from the surface as a result of the increased partial vapour pressure of the active under vacuum of the TEM. Microtomes were also not possible due to the fragile nature of MCC.
3.1.2.3. EDX. As noted earlier, ferrocene was chosen as the active for EDX studies because it contains iron, which is easily distinguishable from the MCC background. An 85 × 425 m rectangular area was selected and the scan detected there was 0.07 wt% iron on the surface. The loading of ferrocene on MCC was found to be 179 mg/g and the iron content in ferrocene is 30.12 wt%. The calculated iron content (0.054 wt%) therefore agrees reasonably well with the EDX scan result. Furthermore, a point scan on the surface detected a relatively abundant source of ferrocene (0.57 wt%), which was a consequence of the undulated MCC surface preferentially collecting a higher loading of the precipitated ferrocene particles.
Coating using RESS-BFB
Two actives, benzoic acid and ferrocene were used in these tests. The RESS process conditions were the same as for the RESS-Wurster tests except: the nozzle was heated to around 60 • C, there was no air flow in to the fluidised bed and 40 and 60 g MCC were used. Quantitative analyses of coated MCC are shown in Table 2 . The results indicate that the RESS-BFB was able to achieve higher loadings depending on the mass of MCC used and consequently the bed depth. Particles of nano-size will be collected by diffusional mechanisms which are more effective in a deeper bed. Surface analyses of the sample were carried out using the same methods as those used on RESS-WTS samples (SEM, EDX, Confocal Raman) and similar results were obtained. These results indicate the possibility of using the same coating principles but different equipment to achieve similar outcomes, therefore giving more flexibility in the facility design when considering this process.
Process yield
The intention of this work is to present a coating process that allows the production of nanoparticles and their capture onto larger carriers. At this stage, the results of process yield are not given; however, the process yield depends on the properties of the active and the operation parameters and for the tests presented it ranged from 14% to 74%. It is our intention to report fully the effect of operation parameters on process yield in forthcoming work.
Conclusion
The novel RESS-fluidized bed coating process developed in this work combines the principles of supercritical fluid precipitation with those of fluidized bed coating to achieve coatings of nanoparticles onto a micron-sized excipient, for a range of nanoparticle actives. Typically, active loadings in the order of 1-10 mg/g of excipient can be achieved in 10 min. The process avoids the use of liquids and the whole procedure is simpler, faster and easier than conventional coating processes in a Wurster coater. It combines the advantages of both the RESS and fluidized bed processes, by generating nano-particles of organic based compounds by RESS and coating them onto excipient micro-particles. The limitations of this process lie in the solubilities of actives in carbon dioxide.
